Abstract. High-quality transparent conductive Al-doped ZnO (AZO) thin films were deposited by pulsed laser deposition on quartz glass substrates at room temperature. We varied the growth condition in terms of oxygen pressure. The structure and electrical and optical properties of the as-grown AZO films were mainly investigated. The AZO films formed at room temperature showed a low electrical resistivity of 3.01×10 -4 Ω cm, a carrier concentration of 1.12×10 21 cm -3 and a carrier mobility of 18.59 cm 2 /Vs at an oxygen pressure of 10 mTorr. A visible transmittance of above 83% was obtained. The present results suggest that optimized AZO films should be very useful and effective for flexible display, top emission type of OLEDs and for various other kinds of optoelectronic devices such as flexible solar cell or passive photo device.
Introduction
ZnO is an inexpensive optical material that has attention recently [1] . It is a II-VI semiconcuctor which is highly transparent in the visible region with a wide and direct band gap of about 3.37eV at room temperature and a high exciton binding energy of 60 meV [2] . Generally, undoped ZnO thin films typically exhibit n-type conduction and are transparent conducting oxides with a background electron concentration as high as 10 21 cm -3 [3] . When doped with group-III element, such as Al, Ga and In, its resistivity could be reduced to 8.3×10
-5 Ω cm [3, 4] . Recently, Al-doped ZnO (AZO) transparent electrodes, which are usually deposited on heated substrates over 300 °C, are required to be deposited at a much lower substrate temperature [room temperature (RT), if possible].
In this study, high-quality AZO transparent conductive films prepared by pulsed laser deposition (PLD) at room temperature were reported. The structural, electrical and optical properties of the AZO films were investigated in terms of the preparation conditions.
Experimental Procedure
A detailed description of the PLD system is reported elsewhere [5] . Transparent conductive AZO films were prepared by pulsed laser deposition on quartz glass substrates. The pulsed laser was a KrF excimer laser (Lambda Physik, LPX305icc, λ=248 nm, 25 ns pulse width) with an energy fluence of 2 J/cm 2 . The AZO films were prepared by ablating a ZnO target containing 2 wt% Al 2 O 3 . The deposition chamber was initially evacuated to 3×10 -5 Torr and during deposition, oxygen gas was introduced to be 3-50 mTorr using a conductance valve and a turbo molecular pump. The typical growth run consisted of 9,000 laser shots with a repetition rate of 10 Hz. All of the films were also deposited on quartz glass cleaned in an ultrasonic bath using acetone and then ethanol for 5 min.
Surface atomic composition analyses were performed by X-ray photoelectron spectrometer (XPS, VG Scientific, Sigma Probe) with an AlKα (1486.6 eV). The surface morphology of the deposited films was observed by atomic force microscopy (AFM, Seiko Instrument, SPI 3800N). Transmission through the films was measured using a UV-visible spectrophotometer in the wavelength range from 200 to 800 nm. The electrical properties of the AZO films were measured by the van der Pauw method in a magnetic field (B=0.3 T) at room temperature.
Results and Discussion
Structural Characterization. The XRD profiles indicated that the structure of the AZO (RT) was amorphous and the AZO (300 °C) was crystal line with ZnO (002) type structure (not shown) [3] . Fig. 1 shows the AZO peaks by XPS (left) and the change of O 1s as a function of oxygen pressure (right). XPS spectrum showed the peaks at 1022.23, 530.9, 285.43 and 138.23 eV from the photo-ionization zinc 2s (Zn 2s), oxygen 1s (O 1s), carbon 1s (C 1s) and aluminum 1s (Al 1s), respectively. The O contaminants were found to be increased with increasing oxygen pressure. In the other side, Zn and Al contaminants were decreased. The typical O1s peak in the surface can be consistently fitted by two nearly Gaussian, 538.30±0.30 and 536.51±0.20 eV, respeatively. The high binding energy component, centered at 538.30±0.30 eV is associated with O 2-ions in the oxygen deficient regions with the matrix of ZnO [6] . Therefore, changes in the intensity of this component may be connected in part to the variations in the concentration of oxygen vacancies. The decrease of this component in the films grows at higher oxygen pressure from 10 to 50 mTorr. The component on the low binding energy side of O1s spectrum at 536.51±0.20 eV is attributed to O 2-ions on wurtzite structure of hexagonal Zn 2+ ion array. The morphology and the surface roughness determined by AFM measurement are shown in Fig. 2 . The roughness seems to increase with a oxygen pressure; at the same time, the grain size on the surface also varies. For the film grown at a low oxygen pressure (5 mTorr), the grain size is around 60.09 nm and seems relatively constant. Furthermore, the roughness of this film is about 1.405 nm. On the contrary, the film grown at a higher oxygen pressure (10 mTorr) has the grain size of around 94.18 nm and the roughness of the film rapidly increases to about 7.349 nm. The sample prepared at up to 50 mTorr shows a grain size of around 82.50 nm and a roughness of about 7.124 nm. Optical and Electrical Properties. Fig. 3(a) shows the optical transmittance for AZO films grown on the quartz glass at room temperature as a function of oxygen pressure. The optical transmittance measurements between 200 and 800 nm show that the films are highly transparent in
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Advances in Nanomaterials and Processing the visible region and present a steep decline at around 400 nm. As our goal is to prepare a transparent electrode with a high conductivity for optical applications, a film with a high transmittance in the visible range is very important. The transmittance of AZO films reaches up to 83% in the visible range (400-800 nm), and it increases slightly from 83% to 90% with an increase in oxygen pressure from 3 to 50 mTorr. This optical transmittance can be used to determine the value of the optical band gap. The optical band gap was calculated from the transmittance data by using Tauc's plot (ahv≈(hv-Eg) 1/2 ). Fig. 3 (b) shows the shift of the optical band gaps of AZO films. With increasing oxygen pressure, the optical band gap is gradually decreased from 3.28 to 3.10 eV. -4 to 3.01×10 -4 Ω cm as the oxygen pressure was increased from 3 to 10 mTorr. The initial decrease in resistivity with increase in oxygen pressure can be attributed to an increase in the grain size of the AZO film from 34.12 to 94.18 nm, thus reducing the grain boundary scattering and increasing the conductivity. A rapid increase in resistivity is observed as oxygen pressure is further increased from 10 to 50 mTorr. The electrical properties of AZO films have close relationship to oxygen content in the films. AZO is an oxide semiconductor having n-type conduction. The high conductivity of AZO might be an effect of Al-doping. Since electrons in the AZO films are supplied from oxygen vacancies and aluminum atoms in the film, it can be though that an increase in oxygen content might cause a decrease in the number of oxygen vacancies, resulting in an increase of resistivity. With increasing oxygen pressure , the optical band gap is gradually decreased from 3.28 to 3.10 eV by the relaxation of built-in strain in AZO (see also Fig. 3(b) ). According to the Burstein-Moss effect [7] , the band gap would increases with carrier concentration. Carrier concentration in the AZO films was observed to gradually decrease from 1.12×10 21 to 2.5×10 19 cm -3 as oxygen pressure was increased. A maximum in carrier mobility was observed for an oxygen pressure of 10 mTorr. For lower ratios of O and Zn (oxygen flow rates of 3-10 mTorr), incorporation of interstitial Zn led to a worsening of crystalline quality and creation of electron scattering centers. Consistent with this, carrier mobility was found to increase with increasing oxygen flow rate below the optimum oxygen pressure of 10 mTorr. For ratios of O and Zn higher than that corresponding to the optimum oxygen pressure of 10 mTorr, excess oxygen on the growth surface presumably induces changes in growth mode and crystal quality, resulting in increased carrier scattering and lower mobility. Carrier mobility thus decreases with increasing oxygen pressure from 10 to 50 mTorr. The present results suggest that optimized AZO films should be very useful and effective for flexble display, top emission type of OLEDs and for various other kinds of optoelectronic devices such as flexble solar cell or passive photo device. 
Conclusions
High-quality transparent conductive AZO thin films were grown using by PLD on quartz glass substrates starting from a ZnO target containing 2 wt% Al 2 O 3 . The growth was performed in the high oxygen pressure range of 3-50 mTorr at room temperature. The AZO films formed at room temperature showed a low electrical resistivity of 3.01×10 -4 Ω cm, a carrier concentration of 1.12×10 21 cm -3 and a carrier mobility of 18.58 cm 2 /Vs at an oxygen pressure of 10 mTorr. A visible transmittance of above 83% was obtained. The optical band gap of the films decreased from 3.28 to 3.10 eV with the increase in oxygen pressure from 3 to 50 mTorr.
